autosomal dominant disorder mainly characterized by dental hypoplasia and umbilical protrusion. The mouse homolog, Otlx2/ Ptx2/ Brx1 (Mucchielli et al., 1996 (Mucchielli et al., , 1997 in the LPM with the striking particularity that this domain was restricted to the left side of the embryo ( Figure 1B ).
Summary
Pitx2 Has an Asymmetric Domain of Expression in Chick Embryos Pitx2, a member of the bicoid-related family of homeoPitx2 expression was first detected in the cephalic mesobox-containing genes, is asymmetrically expressed in derm of stage 5 ϩ -6 embryos (analyzed from stage 3) the left lateral plate mesoderm and derived tissues ( Figure 1A ). Transverse sections of whole-mount hybridduring chick and mouse development. Modifications ized embryos demonstrated that Pitx2 transcripts were of Pitx2 pattern of expression in the iv mouse mutation restricted to the mesoderm (data not shown). Exprescorrelate with the situs alterations characteristic of sion of Pitx2 by the cephalic mesoderm preceded the the mutation. Misexpression experiments demonstrate onset of neural crest cell migration (Nieto et al., 1994) ; that Shh and nodal positively regulate Pitx2 expresthus, it may be a valuable marker to distinguish cephalic sion. Our results are compatible with a Pitx2 function mesoderm from neural crest cells. in the late phase of the gene cascade controlling laterDuring stage 7 ϩ -8, Pitx2 expression became visible ality.
in the LPM with the striking particularity that this domain was restricted to the left side of the embryo ( Figure 1B ).
Introduction
Expression in the left LPM started at the level of the cranial somites extending rapidly to span from the antePatterning in vertebrates implies the development of rior head domain to the caudal part of the embryo (Figcharacteristic visceral asymmetries along the left-right ures 1B and 1C; see also Figure 4B ). As the LPM split (L/R) axis. Several important signaling molecules have into the dorsal (somatic) and ventral (splanchnic) layers, recently been shown to be involved in the specification transcripts were restricted to the left splanchnopleura, of L/R asymmetries (Levin et al., 1995 including the left heart primordium. During subsequent al., 1996 During subsequent al., , 1997 Hyatt and Yost, 1998 [for overviews see stages, asymmetric left-side Pitx2 expression continued Yost, 1995; King and Brown, 1997; Levin, 1997; in the left-hand splanchnopleura and in the developing and Robertson, 1997] ). In the chick, a molecular pathway heart ( Figures 1E-1L ). In the heart, only the left dorsal controlling L/R asymmetry has been identified (Levin et mesocardium and the left side of the straight ( Figure 1D ) al., 1995, 1997) . This cascade begins with the asymmetand looping heart ( Figures 1E-1F ) myocardium showed ric expression of activin ␤B on the right side of Hensen's Pitx2 transcripts. Expression in the left-hand splanchnode. This induces the asymmetric expression of cActnopleura persisted as the embryo folded transversally RII␣ on the same side of the node, while confining Sonic and development continued ( Figure 1G ). Derivatives of hedgehog (Shh) expression to the left side. Shh induces the left-hand splanchnopleura (including the mesenasymmetric nodal expression in the left lateral plate chyme surrounding the left bronchus, the mesenchyme mesoderm (LPM), probably via a secondary signal (Pasurrounding the left side of the digestive tube, and the gá n-Westphal and Tabin, 1998). Nodal directly controls left dorsal mesentery) continued expression of high levorgan morphological asymmetry  els of Pitx2 ( Figure 1G ). Analysis of sections of hybrid- Sampath et al., 1997) . cSnR, a zinc finger gene exized embryos demonstrated that Pitx2 expression at pressed on the right side of the embryo in a mirror image gut levels was always confined to the left side of the of nodal (Isaac et al., 1997) , and lefty, with an expression mesoderm, being absent from the endodermal layer pattern similar but not identical to nodal (Meno et al., ( Figure 1H ). This expression was maintained as morpho-1996), have also been implicated in the control of laterlogical asymmetry was being accomplished. ality. Elements acting prior to activin or after nodal reSymmetric Pitx2 expression concomitantly occurred main unknown. It is also unknown how nodal, whose at head levels in the periocular mesenchyme, the mesenexpression is down-regulated before the first indication chyme and ectoderm of the maxillary and mandibular of morphological asymmetry, controls laterality.
arches (Figures 1F and 1G) , and the ventral diencephaPitx2 is a member of the bicoid-related family of holon and Rathke's pouch (data not shown) (Kitamura et meobox-containing genes. Its human homolog, RIEG al., 1997). Other sites of symmetric Pitx2 expression (Semina et al., 1996) , is involved in Rieger syndrome, an included the allantois and the ventral mesoderm of the body wall ( Figure 1G ). Pitx2 expression was later observed in myoblasts, both in myotomes (from stage 18 § To whom correspondence should be addressed.
in handed organs such as the heart and gut. Initially, the asymmetric domain of Pitx2 expression overlapped that of nodal in the LPM (Levin et al., 1995) , but, remarkably, Pitx2 expression persisted during subsequent development, while nodal retracted first rostrally then became undetectable by stage 11. Hence, we concentrated on the asymmetry of Pitx2 expression, since it may indicate its involvement in the specification of L/R asymmetry.
Asymmetric Pitx2 Expression Is Conserved in Mouse, and Alterations in the iv Mouse Mutation Correlate with Laterality Defects
Of the genes implicated in the control of L/R asymmetry in the chick, only nodal pattern of expression is conserved in other species such as mice and frogs (Collignon et al., 1996; Lowe et al., 1996; Lohr et al., 1997; Sampath et al., 1997) . To assess whether the Pitx2 asymmetric expression seen in chick was conserved in other vertebrates, we analyzed Pitx2 pattern of expression in mouse. Normal mouse embryos first expressed Pitx2 at presomitic stages (7.5 dpc) in the mesenchyme of the head fold (data not shown) (Mucchielli et al., 1997) . Asymmetric expression in the left LPM was first seen in 2-4 somite embryos (8 dpc) (Figure 2A ), in a spatiotemporal pattern equivalent to that described for chick, with transcripts present in the left side of the heart tube and in the left splanchnopleura. As in chick, Pitx2 expression continued during subsequent development in derivatives of the left splanchnopleura and in the left dorsal mesentery ( Figures 2B and 2C ). The conservation of Pitx2 asymmetric pattern of expression indicates that chick and mouse Pitx2 genes are cognate genes that probably conserve their function in the specification of L/R asymmetry. To further analyze this hypothetical role of Pitx2, we examined its pattern of expression in the iv mouse mutation (situs inversus viscerum) that perturbs laterality heart situs, and about 40% present several patterns of quencies of the altered patterns of Pitx2 expression in this mutant were similar to those previously described for nodal (Lowe et al., 1996) ( 2 ϭ 5.6; 3 df; p ϭ 0.13). onward) and limbs (from stage 23), and maintained through muscle differentiation at least to stage 33, the These altered patterns of Pitx2 expression correlated with the alterations of laterality seen in iv/iv mice and latest stage analyzed (data not shown).
Thus, Pitx2 showed a left-side asymmetric expression demonstrated that the iv gene acts upstream of Pitx2. As indicated above, bilateral Pitx2 in iv/iv embryos LPM ( Figure 3A ) and randomizes heart situs (Levin et al., 1995; Isaac et al., 1997) . As expected, ectopic Shh expression was not always symmetrical, since expression in one side of LPM could be partial or incomplete regularly caused ectopic Pitx2 expression in the right LPM (20 out of 24 embryos; Figure 3B ) originating bi-( Figure 2H ). This particular pattern of expression resulted in regional differences in Pitx2 expression along lateral expression in both LPM. The resultant rightlooped and left-looped hearts both expressed Pitx2 in the anteroposterior axis (bilateral versus unilateral), providing a molecular explanation for the heterotaxia seen left and right dorsal mesocardia and myocardia ( Figures  3C-3F ). This demonstrates that Pitx2 belongs to the in the iv/iv mice. This observation suggests that each organ primordium may respond to local cues when gene cascade controlling laterality and is positively regulated by Shh. specifying its situs and is consistent with previous reports showing independence of each organ situs (Levin Bilateral Pitx2 expression after misexpression of Shh was followed by hearts that looped normally in 50% of et al., 1997).
the cases ( Figure 3C ). This result may appear difficult to reconcile with Pitx2 involvement in the establishment Pitx2 Belongs to the Molecular Pathway Controlling of cardiac asymmetry, since it may indicate that unilateral left Pitx2 expression is not required to control loop Laterality Acting Downstream of nodal The asymmetric Pitx2 expression and the alterations in direction; Pitx2 expression could, therefore, control other aspects of heart morphogenesis rather than handiv/iv mice are consistent with our hypothesis of Pitx2 involvement in L/R asymmetry. To situate Pitx2 into the edness. A direct test of whether Pitx2 controls direction of looping has been performed by Logan et al. (1998 molecular cascade controlling this process, we studied Pitx2 expression after ectopic activin or Shh application [this issue of Cell]). They misexpressed Pitx2 in the right of the embryo, while blocking endogenous expression to the left or right side of Hensen's node, respectively. Activin-loaded beads applied to the left side of Hensen's in the left, thus reversing the normal situation. The results of their experiments strongly suggested direct node perturbed Pitx2 expression in about 28% of the cases (9 out of 32), inducing the same repertoire of Pitx2 implication in L/R heart identity. Alternatively, bilateral Pitx2 expression caused by ecaltered patterns of expression seen in the iv/iv mice (bilateral, normal left, reversed right, or absence of Pitx2 topic right Shh might not be strictly symmetric, and small side differences may override contralateral signals expression in the LPM) (data not shown). These alterations are similar to those previously described for nodal and determine heart situs (Heymer et al., 1997) . Analysis of tissue sections showed equivalent bilateral Pitx2 ex-(Isaac et al., 1997) and may be interpreted as activin blocking the biasing mechanism that imposes handedpression in some cases ( Figure 3E ), while small side differences in the level and/or extent of myocardial Pitx2 ness on a previously generated random asymmetry (Brown and Wolpert, 1990) . expression were found in other cases ( Figure 3F ). However, these differences were small and difficult to evaluEctopic application of Shh on the right side of Hensen's node induces ectopic expression of nodal in the right ate since they could reflect minimal tilting in the angle expression in the iv mouse mutant and after activin or Shh ectopic application in chick are similar to those demonstrated for nodal (Levin et al., 1995; Lowe et al., 1996; Isaac et al., 1997) . Nodal directly influences the morphogenesis of asymmetric organs Sampath et al., 1997) , but its expression is transient, and downstream genes are not known. Thus, Pitx2 may be a downstream member of nodal. To test this hypothesis directly, we implanted chick embryo fibroblast cells (CEFs) expressing nodal in the right side of New cultured embryos at stage 6. After culture for 4-24 hr the embryos were probed for nodal and Pitx2. The implanted pellets always expressed high levels of nodal, and there was no detectable induction of nodal in the surrounding tissue (100%; Figure 4A ). Ectopic nodal induced localized Pitx2 expression around the implant 4 hr after the operation ( Figure 4B ). The area of Pitx2 induction was localized around the pellet and did not spread with further development, probably reflecting a low diffusion range for nodal protein ( Figure 4C ). Since ectopic nodal expression has a strong effect on cardiac situs , we were expecting extensive induction of Pitx2 along the right LPM. However, a continuous localized release of nodal protein by the grafted cells could be sufficient to alter heart situs if the implant comes to lie next to the heart tube .
Other localizations of the implant, removed from the heart tube, would not affect cardiac situs. Because we have used embryos that are resistant to RCAS infection, nodal expression in our experiments is limited to the grafted nodal-expressing cells. Curiously, Pitx2 induction did not occur uniformly around the graft but predominantly lateral to it ( Figure  4C ). This was especially apparent when the implant was localized immediately lateral to the somites. Assuming that the pellet is uniform, this may indicate different competence between axial and lateral mesoderm to respond to nodal, which is consistent with the lack of Pitx2 induction by the medial small patch of nodal expression.
This experiment demonstrates the ability of nodal to induce Pitx2 and is consistent with nodal being responsible for endogenous asymmetric Pitx2 activation. The fact that nodal and Pitx2 domains are very similar may reflect a low diffusion range of nodal protein and indi- relationship between side differences in Pitx2 expres-CGCAG 3Ј and 5ЈAGGCCGGTTTCTGCACGCTG 3Ј deduced from sion and direction of looping.
the third exon of human RIEG gene (Semina et al., 1996) . The ampliAs noted above, the initiation of Pitx2 asymmetric fied fragment (453 bp) was cloned and sequenced. The predicted expression overlapped nodal expression in the LPM amino acid sequence obtained was identical to the chick Brx1 (Kitamura et al., 1997). (Levin et al., 1995) . Furthermore, Pitx2 modifications of 
